Plant architecture is dictated by precise control of meristematic activity. In the shoot, an imbalance in positive or negative maintenance signals can result in a fasciated or enlarged meristem phenotype. fasciated ear4 (fea4) is a semidwarfed mutant with fasciated ears and tassels as well as greatly enlarged vegetative and inflorescence meristems. We identified FEA4 as a bZIP transcription factor, orthologous to Arabidopsis thaliana PERIANTHIA. FEA4 was expressed in the peripheral zone of the vegetative shoot apical meristem and in the vasculature of immature leaves and conspicuously excluded from the stem cell niche at the tip of the shoot apical meristem and from incipient leaf primordia. Following the transition to reproductive fate, FEA4 was expressed throughout the entire inflorescence and floral meristems. Native expression of a functional YFP:FEA4 fusion recapitulated this pattern of expression. We used chromatin immunoprecipitation-sequencing to identify 4060 genes proximal to FEA4 binding sites, including ones that were potentially bound and modulated by FEA4 based on transcriptional changes in fea4 mutant ears. Our results suggest that FEA4 promotes differentiation in the meristem periphery by regulating auxin-based responses and genes associated with leaf differentiation and polarity, potentially in opposition to factors such as KNOTTED1 and WUSCHEL.
INTRODUCTION
Shoot development is a plastic process that depends on the activity of pluripotent stem cells resident within the shoot apical meristem (SAM). Differences in the initiation, determinacy, and size of different classes of meristems are responsible for variation in vegetative and reproductive architecture within the plant kingdom. Plant architecture, especially inflorescence architecture, is critical for reproductive success and is therefore a primary determinant of crop yield.
The stem cells contained within the SAM have two roles: first, to divide to give rise to daughter cells that supply founder cells for organ initiation; and second, self-replacement. An imbalance in positive or negative signals for stem cell maintenance can result in enlarged or consumed meristem phenotypes; therefore, the stem cell population in the SAM must be precisely regulated. The principal mechanism of stem cell counting in angiosperms is the CLAVATA (CLV)-WUSCHEL (WUS) negative feedback pathway, which was first characterized in Arabidopsis thaliana (Brand et al., 2000; Schoof et al., 2000) . WUS is a homeodomain protein expressed in the organizing center beneath the stem cell niche, which acts non-cellautonomously to promote stem cell fate in the central zone, likely by repressing expression of genes involved in organ differentiation (Mayer et al., 1998; Schoof et al., 2000; Yadav et al., 2013) . The stem cells express a gene that encodes a small secreted peptide, CLV3, which is perceived by a battery of receptors, principally CLV1, CLV2, and RECEPTOR-LIKE PROTEIN KINASE2/TOADSTOOL, resulting in the repression of WUS transcription (Clark et al., 1997; Brand et al., 2000; Schoof et al., 2000; Kinoshita et al., 2010) .
The framework of this pathway is conserved in the grasses, including the major crop species rice (Oryza sativa) and maize (Zea mays). Two maize fasciated ear mutants, thick tassel dwarf1 and fasciated ear2, have lesions in the maize orthologs of CLV1 and CLV2, respectively, and the rice mutant fon1 harbors a mutation in the CLV1 ortholog (Taguchi-Shiobara et al., 2001; Suzaki et al., 2004; Bommert et al., 2005) . The CLV pathway in rice represents an interesting variation on the theme, with three distinct CLV3-like peptides acting to restrict stem cell populations in vegetative, inflorescence, and floral meristems (Suzaki et al., 2009) . Aside from the identification of two CLV-like receptors, a number of additional meristem size regulators have been identified in maize. One of these factors, COMPACT PLANT2 (CT2), appears to be directly involved in the CLV pathway, as it encodes the a-subunit of a heterotrimeric GTPase, which physically interacts with FEA2 (Bommert et al., 2013b) . Furthermore, double mutants between ct2 and fea2 are not significantly stronger than either single mutant (Bommert et al., 2013b) . The association of G-protein signaling with a leucine-rich receptor (LRR)-receptor-like protein provides a plausible mechanism of signaling for FEA2, which lacks a kinase domain (Bommert et al., 2013b) . Another mutant, aberrant phyllotaxy1, which encodes an A-type cytokinin response regulator, displays increased SAM size, as well as a switch from alternate to decussate phyllotaxy (Giulini et al., 2004) . Molecular cloning of this mutant was the first direct evidence that the cytokinin signaling pathway regulates meristem size in plants (Giulini et al., 2004) . Subsequent studies have clarified a role for Arabidopsis response regulators in integrating cytokinin and auxin signals with the CLV-WUS stem cell-counting feedback loop (Lee et al., 2009; Zhao et al., 2010) .
At the opposite end of the phenotypic spectrum are mutants that have a reduced meristem size or fail to maintain a productive SAM throughout development. KNOTTED1 (KN1) is a homeodomain protein that is required to maintain meristematic fate, as loss-of-function alleles exhibit smaller meristems and meristem termination in some genetic backgrounds (Kerstetter et al., 1997; Vollbrecht et al., 2000) . A recent genome-wide chromatin immunoprecipitation and mRNA sequencing analysis suggested that KN1 promotes meristematic activity by regulating a cascade of transcription factors and hormone biosynthesis/signaling components (Bolduc et al., 2012) .
Despite these findings, less is known about the factors controlling meristem size in maize and additional factors are likely to function in this critical developmental process (Pautler et al., 2013) . The functional subdomains of the meristem, such as the central zone, organizing center, and peripheral zone, are less well defined in maize due to a paucity of molecular markers. Identification of new regulators through positional cloning of meristem mutants can address these unanswered questions. Here, we describe the phenotypic and molecular characterization of fasciated ear4 (fea4), a maize mutant with enlarged meristems. FEA4 encodes a basicregion leucine zipper (bZIP) transcription factor, orthologous to the Arabidopsis gene PERIANTHIA, a mutant affected in floral organ number, but not meristem size per se (Running and Meyerowitz, 1996; Chuang et al., 1999) . Expression analysis by in situ hybridization and fluorescent protein fusions suggest that FEA4 is dynamically and specifically expressed in different meristem types. Genetic analysis of double mutants demonstrates that FEA4 acts in parallel to the canonical CLV-WUS pathway. Chromatin immunoprecipitation-sequencing (ChIP-seq) and expression profiling by RNA sequencing (RNA-seq) suggest that FEA4 is required to regulate the auxin response and leaf differentiation programs in the periphery of the meristem, suggesting a novel mechanism of meristem size regulation that is spatially and mechanistically distinct from the CLV-WUS model. Our results illustrate the power of studying basic plant processes in diverse model systems because novel functions are often revealed. These functions may be masked in specific systems due to genetic or gene network redundancy.
RESULTS
Phenotypic Characterization of the fea4 Mutant fea4 was originally isolated as a fasciated ear mutant in a screen of ethyl methanesulfonate (EMS)-mutagenized A619 inbred maize. Further phenotypic characterization was performed in the A619, B73, Mo17, and W22 inbred backgrounds. Of these, the phenotype was particularly expressive in A619 and B73. The most dramatic phenotypes in the fea4 mutant were a greatly thickened tassel and massively fasciated ears with disorganized seed rows ( Figures 1A and 1B) . Mutant tassels had a thicker main rachis and a much higher spikelet density than wild-type siblings ( Figure 1B , Table 1 ). fea4 mutants were also semidwarfed in the A619 inbred background ( Figure 1C , Table 1 ); however, this phenotype was less pronounced in B73 and other inbred lines.
fea4 plants were also characterized by a larger than normal SAM diameter ( Figures 1D to 1F ). This may explain the decreased plant stature observed in A619 ( Figure 1C) , as a larger SAM is correlated with decreased plant height in several fasciated mutants (Bommert et al., 2005) . fea4 phenotypes were fully recessive and were not observed in heterozygotes (Table 1) .
To better understand the ontogeny of the enlarged inflorescence structures, we subjected developing fea4 ears and tassels to scanning electron microscopy. This analysis revealed that the fasciated inflorescences were caused by enlarged tassel and ear inflorescence meristems (IMs) (Figure 2 ). The large, flattened IMs in the fea4 mutant appeared to function similarly to wild-type IMs, as they initiate rows of axillary meristems and also express the meristem marker kn1 in a pattern resembling the wild type ( Figures 2C and 2F ). Fasciation became progressively more severe as ear development progressed, culminating in an elongated and folded structure that bore little resemblance to the wild-type ear ( Figure 2G ). The axillary meristems of the inflorescence, including spikelet pair (SPM), spikelet (SM), and floral meristems (FMs), were not obviously enlarged in the mutant; furthermore, there was no obvious increase in floral organ number, unlike in other fasciated ear mutants, such as fea2 and td1 (Supplemental Figure 1) (Taguchi-Shiobara et al., 2001; Bommert et al., 2005) . However, ;25% of fea4 (A619) florets contained a reduced number of stamens, whereas variation in stamen number was not observed in wild-type florets (Table 1 ; Supplemental Figure 1 ). No further abnormalities were observed in floral organ number or patterning, suggesting that FMs were only subtly affected in the balance of organ specification or differentiation.
Cloning of fea4
We mapped fea4 to the long arm of chromosome 6 by bulked segregant analysis and performed fine mapping by genotyping 528 mutants from an F2 mapping population ( Figure 3A) . Two cleaved-amplified polymorphic sequence (CAPS) markers delineated a 2.7-Mb region containing ;30 predicted genes. We sequenced some of these and found a bZIP transcription factor, in which the reference mutant (fea4-ref) harbored an EMS-induced C-T transition, which caused a premature stop codon. Two additional independently derived alleles (fea4-5171 and fea4-33) also had early stop codons, confirming the identity of the gene underlying the mutant phenotype ( Figure 3B ). In all three non-sense alleles, the stop codons fall after the bZIP domain, but before two glutamine-rich regions, which are associated with transcriptional activation and may mediate posttranslational regulation of bZIP proteins (Li et al., 2009) . Since these alleles remove about half of the FEA4 coding region, they are likely to be null alleles. Subsequently, we isolated four additional alleles from various sources, including EMS and transposon-mutagenized seed stocks, which demonstrated noncomplementation with the fea4 reference allele ( Figure 3B ; Supplemental Table 1) .
A maximum likelihood phylogenetic tree was constructed from a CLUSTAL alignment of the top 100 FEA4 BLAST hits ( Figure 3C ; Supplemental Figure 2B and Supplemental Data Set 1). This analysis revealed that FEA4 is more closely related to the Arabidopsis gene PERIANTHIA (PAN) than any other maize gene and therefore likely encodes its ortholog. FEA4 and PAN share ;59% amino acid identity but have very divergent Nterminal sequences, a common feature of TGA-class bZIP proteins (Supplemental Figure 2) (Jakoby et al., 2002) . pan is an Arabidopsis mutant characterized by an increase in floral organ number, without a corresponding increase in FM size (Running and Meyerowitz, 1996) . pan mutants also have a mild increase in inflorescence meristem size when the plants are grown in short days (Maier et al., 2011) . We also found their IMs to be moderately enlarged (Supplemental Figure 3 ), but this increase was not anywhere near as severe as the massive fasciation observed in fea4. However, our results suggest that FEA4 and PAN have a conserved function to regulate inflorescence meristem size.
Expression Analysis of fea4
We performed RNA in situ hybridization with a FEA4 antisense probe to determine its expression pattern throughout shoot development. During the vegetative phase, FEA4 was expressed in the peripheral zone of the SAM, but conspicuously excluded from the predicted position of the stem cell niche at the tip of the SAM and from the incipient leaf primordium (P 0 ) ( Figures 4A to 4C ). FEA4 was also expressed in a domain beneath the P 0 and in the vasculature of immature leaves ( Figures 4A to 4C ). The peripheral zone expression pattern persisted until the inflorescence transition ( Figure 4D ), but following the transition, FEA4 was expressed throughout the entire IM of the tassel and ear and also throughout the other inflorescence meristem types (SPMs and SMs; Figures 4E to 4G) . Similar to the pattern observed in the SAM, FEA4 was downregulated at the site of incipient lateral organ formation ( Figure 4G , arrowhead). In control experiments, a shorter antisense probe created from a 59 portion of the FEA4 cDNA gave rise to a signal identical to the full-length probe ( Figure 4H ), and a sense probe produced no signal ( Figure 4I ).
To examine the subcellular and tissue-scale localization of the FEA4 protein, we constructed a translational fusion of the FEA4 coding sequence and yellow fluorescent protein (YFP) under the control of its native promoter ( Figure 5A ). This construct was transformed into maize and backcrossed twice to the fea4-ref mutant to assess complementation. The presence of the transgene was sufficient to rescue the inflorescence fasciation phenotype in two independent events, indicating that the fusion protein was functional ( Figure 5B ). Plants with wild-type phenotype from segregating families were genotyped for the fea4-ref mutation to verify the complementation result (n = 10). YFP:FEA4 expression recapitulated the pattern of expression observed by in situ hybridization. Strong nuclear expression was observed in all stages examined, from vegetative to inflorescence, and was also present in young leaves surrounding the SAM ( Figures 5C to 5E ). The YFP: FEA4 protein was absent from the predicted stem cell niche of the vegetative SAM ( Figure 5C , arrowhead) and from sites of lateral organ initiation ( Figure 5E , arrow), but it was present throughout the central region of the inflorescence and spikelet meristems ( Figures 5D and 5E ), similar to the mRNA expression pattern.
Double Mutant Analysis
To establish how fea4 interacts with other loci that regulate meristem size, we created F2 populations segregating fea4 and fea2, the maize ortholog of CLV2, in a B73 background. The double mutants displayed a range of highly synergistic phenotypes in vegetative and fea4 ears were massively fasciated and shorter than wild-type ears and had disorganized seed rows (A). Mutant tassels had a higher spikelet density and thicker rachis diameter than wild-type tassels (B). fea4 mutants were semidwarfed in the A619 inbred background (C), and mutants had a larger vegetative SAM than wild-type siblings 14 d after germination ([D] and [E]), quantified in (F) (significant at P value < 0.05, n = 8 to 9 of each genotype). Black lines in (D) and (E) represent the point of measurement for cleared meristems: the widest point of the meristem above the bulge of the initiating leaf primordium. Error bars in (F) represent SD. Bars = 100 mm. reproductive structures, including extreme dwarfism and disorganized, split shoots ( Figure 6 ). To acquire a quantitative readout of the genetic interaction, we genotyped plants from a segregating family and measured the size of the SAM at 14 d after planting. SAM diameter was increased by approximately one-third in each of the single mutants relative to the wild type (202.5 6 21.3 mm for fea2; 205.6 6 9.7 mm for fea4, compared with 156.1 6 10.5 mm for the wild type, differences significant at P value < 0.05, Student's t test). For an additive interaction, we would expect the double mutant to be the wild-type value plus the sum of the mutant differences (156.1 + (202.5 -156.1) + (205.6 -156.1) = 252 mm). However, the double mutants were significantly larger, at 347.3 6 70.9 mm (P value < 0.05, Student's t test; Figures 6A and 6B). Therefore, we classified this double mutant interaction as a synergistic one and conclude that fea4 acts in parallel to fea2 and is highly unlikely to be involved in transducing CLV-like signals (Laufs et al., 1998; Prigge and Wagner, 2001) . In contrast, epistasis between fasciated mutants directly involved in the CLV signaling pathway is readily observed, for example, between fea2 and ct2 (Bommert et al., 2013b) .
Transcriptome Profiling and Genome-Wide Occupancy of FEA4
To gain insight into transcriptional regulation by FEA4, we used RNA-seq to profile genome-wide expression changes in . In situ hybridization with the KN1 meristem marker showed an expanded domain of expression throughout the enlarged inflorescence meristem in fea4 ears (C) compared with wild-type ears (F). fea4 meristem fasciation became progressively more severe as ear development progressed (G). Tassel inflorescence meristems were similarly affected in fea4 (H) compared with the wild type (I). Bars = 500 mm in (A) and (B), 250 mm in (C) to (F), 2 mm in (G), and 1 mm in (H) and (I). Two CAPS markers delineated a 2.7-Mb mapping interval on the long arm of chromosome 6, containing ;30 genes (A). A gene encoding a bZIP transcription factor in this interval (GRMZM2G133331) contained multiple independent lesions (B). fea4 encodes a TGA-class bZIP transcription factor orthologous to the Arabidopsis gene PAN (C). Red font highlights the location of FEA4 and PAN in the tree.
developing ear primordia of fea4 loss-of-function mutants compared with fea4/+ wild-type siblings (Supplemental Figure 4) . RNA-seq reads from three biological replicates for the wild type and mutant were mapped to the maize reference genome (AGPv2) and used to quantify expression of 39,656 highconfidence filtered gene set (FGS) gene models (ZmB73v5b.60; gramene.org; Supplemental Table 2 and Supplemental Data Set 2). Using the DESeq software (Anders and Huber, 2010), we identified 422 differentially expressed (DE) genes (P < 0.05); 283 DE genes were upregulated in fea4 mutants, and 172 were downregulated (Supplemental Data Set 3). Downregulated genes were highly enriched for biological processes related to multicellular development (GO:0007275, P = 2.77e-05), transcriptional regulation (GO:0006355; P = 0.002), and response to hormone stimulus (GO:0009725, P = 0.008) (Supplemental Data Set 4). Many downregulated genes in fea4 mutants were key regulators of axillary meristem identity and determinacy in maize, such as BARREN STALK1 (BA1), RAMOSA1 (RA1), and RA3. In addition, homeobox transcription factors (TFs), notably HD-ZIPs, were significantly downregulated in fea4 mutants, as were genes involved in response to auxin stimulus (GO:0009733, P = 0.005), including a number of AUXIN RESPONSE FACTOR (ARF) TFs (Table 2 ). In situ hybridization with a FEA4 antisense probe showing expression in the SAM and vasculature of young leaves surrounding the meristem (A). FEA4 is expressed predominantly in the peripheral zone of the SAM, excluded from the stem cell niche and the incipient leaf P 0 (arrowheads, [B] ). Transverse SAM section, showing exclusion from the P 0 (C). The peripheral zone specific expression pattern persists through the transition stage (D), but FEA4 is expressed throughout the entire inflorescence meristem of the tassel (E) and ear (F) following the floral transition. The arrowhead in (D) indicates lack of expression in the initiating lateral organ primordium. FEA4 is subsequently expressed throughout the entire spikelet pair (F) and spikelet and floral meristems (G) but is again excluded from the site of lateral organ initiation (arrowhead, [G]). A shorter probe from the 59 half of the cDNA produced the same pattern (H) and a sense FEA4 probe produced no signal after overnight hybridization (I). Bars = 100 mm in all panels.
Upregulated genes in fea4 mutants were enriched for biological processes related to translation (GO:0006412, P = 4.12e-09) as well as cellular biosynthetic (GO:0044249, P = 2.05e-06) and metabolic processes, e.g., sugar metabolism (GO:0005996, P = 1.04e-04; GO:0006006, P = 8.82e-04) (Supplemental Data Sets 3 and 4). Interestingly, a panel of 18 meristem marker genes, comprising CLV and WUS-related genes, as well as additional genes defined by fasciated ear mutants, showed no significant changes in gene expression (Supplemental Table 3 ), supporting our genetic data that suggest FEA4 acts in parallel to CLV-WUS signaling.
To map genome-wide occupancy of FEA4 and define its putative transcriptional targets, we performed ChIP-seq using the ProFEA4-YFP:FEA4 transgenic lines. Based on analysis of two biological replicates, we identified 3765 high-confidence peaks, i.e., where significantly enriched peaks of FEA4 binding compared with input control (P < 1e-05) overlapped in the two replicates ( Figure 7A ; Supplemental Table 4 and Supplemental Data Set 5). A subset of these binding regions was validated by ChIPqPCR (Supplemental Figure 5 ). FEA4 bound in various genomic contexts, with 18% of binding associated with gene bodies and 24% occurring within 1-kb promoter regions upstream of transcriptional start sites ( Figure 7B ). We considered FGS genes within 10 kb of high-confidence peaks as putative targets of FEA4 (Supplemental Data Set 6). Among these 4065 putative target genes, overrepresented biological processes were related to auxin response (P = 7.39e-06), leaf vascular tissue patterning (GO:0010305, P = 2.05e-05), primary SAM specification (GO:0010072, P = 8.85e-04), and regionalization (GO:0003002, P = 2.50e-05), i.e., a pattern specification process defining cell differentiation (Supplemental Data Set 7). Putative FEA4 targets included a number of known regulators of lateral organ differentiation, including ROUGH SHEATH2 and ROUGH SHEATH1, as well as KANADI and YABBY family members ( Figure 7C ; Supplemental Data Set 6).
Approximately 25% (102) of genes DE in fea4 mutants were also bound by FEA4, including 49 downregulated and 53 upregulated genes, suggesting that FEA4 can act as an activator or repressor of gene expression. In general, FEA4 tended to activate genes involved in organ differentiation, e.g., NAC TFs similar to CUP-SHAPED COTYLEDON (CUC) genes from Arabidopsis, as well as genes related to auxin response including IAA and ARF genes ( Figure 7C , Table 2 ). Interestingly, FEA4 repressed an ortholog of ETTIN/ARF3, which in Arabidopsis was shown to act redundantly with PAN in floral development (Sessions et al., 1997) .
We next tested the extent to which FEA4 bound to genomic regions also bound by the KN1 TF, a master regulator of shoot YFP was fused in frame to the N terminus of FEA4 and expressed under 1 kb of native upstream sequences and 1.5 kb of downstream sequences (A). Expression of the transgene was sufficient to rescue the mutant phenotype in the inflorescence (B). Strong nuclear fluorescence was observed in the peripheral zone of the SAM (C), and nuclear fluorescence was absent from the stem cell niche (arrowhead, [C]). Note that the small punctate green fluorescence in the stem cell niche is due to autofluorescence (Supplemental Figure 6 ). Fluorescent signal also accumulated throughout the inflorescence meristem (D). FEA4 was also expressed in the axillary meristems of the ear, such as spikelet meristems (E), and was excluded from the site of lateral organ initiation (arrowhead, [E]). Bars = 500 mm in the leftmost panel in (B) and 250 mm in center and right panels. stem cell maintenance, using published ChIP-seq data (Bolduc et al., 2012) . Approximately half of the FEA4 high-confidence peaks overlapped with high-confidence KN1 peaks, which were also identified based on two biological replicates ( Figure 7D ). Within 10 kb of these cobound regions were 2080 putative target genes, of which 12% were differentially expressed either in fea4 and/or kn1 loss-of-function mutant ears. These 245 cobound and modulated target genes suggested differential modes of regulation by FEA4 and/or KN1 (Supplemental Data Set 8). For example, the TF, GNARLEY1, which affects vegetative and floral development in maize (Foster et al., 1999) , is positively modulated by FEA4 and repressed by KN1 ( Figure 7E ). Additional genes identified as being oppositely modulated by FEA4 and KN1 included the ETTIN/ARF3 putative ortholog (GRMZM5G874163), GENERAL REGULATORY FACTOR1, which encodes a 14-3-3 protein, an LRR kinase (GRMZM2G166413) similar to RECEPTOR LIKE PROTEIN29 from Arabidopsis, and an HD-ZIP TF (GRMZM2G003509) with sequence similarity to PHAVOLUTA/PHABULOSA. In addition, FEA4 and KN1 bound and positively modulated a CUC-like NAC TF (GRMZM2G430522), consistent with positive regulation of CUC genes by SHOOT MERISTEMLESS in Arabidopsis (Spinelli et al., 2011) , an LRR kinase (GRMZM5G809695) with sequence similarity to ERECTA and implicated in specification of organs originating at the SAM (Torii et al., 1996; Mandel et al., 2014) , and a NPH3 domain protein (GRMZM2G067053) similar to ENHANCER OF PINOID. The latter two have been implicated in regulation of auxin transport (Treml et al., 2005; Chen et al., 2013) . While FEA4 and KN1 share largely overlapping expression patterns with both excluded from the P 0 (Jackson et al., 1994) , KN1 is expressed in the central zone, whereas FEA4 is not. These common yet slightly distinct spatiotemporal expression patterns may reflect both opposing and synergistic modes of gene regulation by FEA4 and KN1. Consistent with the suite of FEA4 bound and modulated genes, our model suggests that FEA4 promotes organ differentiation in opposition to the meristematic fate-promoting role of KN1 ( Figure 7F ). Meristems were dissected and cleared with methyl salicylate 14 d after germination (A). fea4 and fea2 meristems were significantly larger than wild-type meristems (P value < 0.05). fea2 fea4 double mutants were significantly larger than both single mutants (P value < 0.05) and also much larger than the predicted additive point (B). n = 4 to 16 of each genotype. Black lines with arrowheads in (A) represent the point of measurement. Mature double mutants ([C] and [D] ) showed extreme dwarfism and highly disorganized, split shoots.
DISCUSSION

FEA4 Controls Meristem Size by a Novel Mechanism, in Parallel to the CLV-WUS Pathway
In this study, we isolated a fasciated ear mutant, fea4. Most of the previously identified maize fasciated ear genes, such as fea2, td1, and ct2, are directly involved in perceiving or transducing signals in the CLV pathway (Taguchi-Shiobara et al., 2001; Bommert et al., 2005 Bommert et al., , 2013b . The synergistic phenotypes of fea4 fea2 double mutants suggest that these genes operate in separate (parallel) pathways that converge on the common process of shoot meristem size control. However, we did not detect significant differences in expression of WUS or CLV pathway genes, so we cannot predict where the pathways converge. We also believe that FEA4 defines a novel way in which meristem size can be perturbed because of its distinct expression pattern in the peripheral zone. In summary, we propose that FEA4 acts in parallel to the CLV pathway to regulate meristem size homeostasis (Laufs et al., 1998; Prigge and Wagner, 2001) . Interestingly, fea4 is the most severe fasciated ear mutant isolated to date, highlighting a critical requirement for this parallel function in maize.
FEA4 Encodes the Ortholog of the Arabidopsis PAN Gene
Phylogenetic analysis revealed that although FEA4 belongs to a large gene family, it is more closely related to PAN than any other maize gene and therefore encodes the ortholog of PAN. pan mutants have increased floral organ numbers in the petal and sepal whorls as well as reduced numbers of stamens (Running and Meyerowitz, 1996) . Careful analysis of floral meristems (Running and Meyerowitz, 1996) revealed no change in meristem size, cell size, or cell number in pan mutants. The authors hypothesized that rather than having extra perianth organs due to an increase in meristem size, pan mutants were compromised in their ability to specify the identity of floral organs in response to positional cues (Running and Meyerowitz, 1996; Chuang et al., 1999) . Interestingly, fea4 mutants also displayed reduced stamen number without extreme FM fasciation or disorganization (Supplemental Figure 1) , suggesting a similar function during floral development. Changes in the pan phenotype in different environmental conditions provide further insight regarding PAN function, as it was noted that pan mutants had larger inflorescence meristems under short-day conditions (Maier et al., 2011 ), which we also confirmed. However, the magnitude of change in IM size is much less in pan mutants than in fea4.
fea4 loss of function differentially affects different classes of meristems; for example, the IM is severely affected, while the axillary meristems of the inflorescence are not. The IM remains indeterminate for an extended period of time, and this could explain why it is more sensitive to loss of FEA4 than short-lived, determinate meristems, such as axillary SPMs or SMs. However, the indeterminate vegetative SAM is relatively mildly affected in fea4, compared with the ear IM. One possible explanation for this ChIP-seq using two biological replicates revealed 3765 high-confidence FEA4 binding peaks, which were shared between replicates (A). Distribution of high-confidence peaks shows FEA4 binds in various genomic contexts, with 24% of peaks located within 1-kb promoter regions (B). FEA4-bound genes involved in organ differentiation; shown are examples of FEA4 bound to the promoter of YABBY14 (GRMZM2G005353) and to the intron of a NAC TF (GRMZM2G393433) orthologous to CUC1/2 from Arabidopsis as well as ;2 kb downstream of the gene. FEA4 also targeted genes involved in auxin response; shown are examples of FEA4 bound to the promoter of IAA24 (GRMZM2G115357) and to both the promoter and 59 untranslated region of a putative ortholog of ETTIN (GRMZM5G874163) (C). Approximately half of FEA4 high-confidence peaks overlapped directly with high-confidence peaks bound by the KN1 TF (D). GNARLEY1 (GRMZM2G452178) is cobound by FEA4 and KN1 and oppositely modulated, activated, and repressed, respectively (E). FEA4 potentially acts as an antagonist to meristem maintaining factors, such as KN1 and WUS, to promote differentiation in the peripheral zone (F). CZ, central zone; PZ, peripheral zone; P0, P1, plastochron zero and plastochron one leaf primordia. difference is that the ear inflorescence meristem is sensitized to genetic perturbation due to selection for increased meristem size during domestication and subsequent improvement of maize (Taguchi-Shiobara et al., 2001; Brown et al., 2011; Bommert et al., 2013a) . Alternatively, the absence of, or weak phenotypes in certain classes of shoot meristems in Arabidopsis and maize, may reflect the redundant activities of other bZIP or unrelated genes. Both maize and Arabidopsis lineages have a complex pattern of genome duplications, followed by gene loss or subfunctionalization in the different lineages (Bennetzen, 2007) . Therefore, each species has a unique set of redundancies, arising either from individual gene function, or emergent network-level properties. There are also both striking similarities and differences between the FEA4 and PAN expression patterns. Both genes have a peripheral zone-specific expression pattern: FEA4 in the vegetative SAM and PAN in the IM. In contrast, FEA4 is expressed throughout the central and peripheral zones of reproductive meristems, whereas pan is expressed throughout vegetative meristems. Therefore, the expression patterns for the two genes are somewhat conserved, but shifted heterochronically. Changes in the expression pattern of conserved genes could underlie morphological differences between the different lineages (Carroll, 2008) . It is also interesting to consider whether differences in phenotype between maize and Arabidopsis can be explained by protein coding changes. FEA4 and PAN are very different in their N-terminal regions (Supplemental Figure 2) , which could translate into different DNA binding activities or protein-protein interactions.
In Arabidopsis, in situ hybridization with a pan antisense probe revealed an expression pattern strongly enriched in the peripheral zone of the IM (Maier et al., 2011) . However, immunolocalization of PAN protein using a peptide antibody showed accumulation throughout all cell layers of the IM (Chuang et al., 1999) ; this discrepancy suggests that PAN might move from cell to cell, similar to other plant transcription factors (Lucas et al., 1995; Gallagher et al., 2004; Maier et al., 2011) . We did not observe any evidence of FEA4 protein movement, as the expression pattern of the YFP:FEA4 translational fusion line closely matched the in situ mRNA pattern. Furthermore, in situ hybridization of YFP:FEA4 transgenic plants using a YFP antisense probe demonstrated that the mRNA and protein expression patterns were in concordance (Supplemental Figure 6) .
Significance of the Peripheral Zone
The peripheral zone (PZ) is defined as the population of cells that has been displaced to the flanks of the meristem by cell division of stem cells and their daughters in the central zone (Reinhardt et al., 2003) . Studies involving inducible WUS expression suggest that the stem cell promoting function of WUS can be attributed in part to its role in repressing the expression of organ differentiation genes, which start to be expressed in the organ initiation sites in the PZ (Yadav et al., 2013) . Therefore, the cells in the PZ may be more simply defined as the population of cells that are relieved of this repression and are on their way toward a determinate fate. Meristem size phenotypes of both the pan and fea4 mutants indicate that disruptions in the PZ can have dramatic developmental consequences. Similar effects are seen for the Arabidopsis LOST MERISTEMS genes, which encode GRAS domain transcription factors, as mutations in these genes prevent differentiation of cells in the PZ and cause an overaccumulation of meristematic cells (Schulze et al., 2010) . Beyond this, the contribution of the PZ to meristem size control is not well established. It would be of interest to develop molecular markers to better define the different meristem domains in maize.
Potential Targets and Effectors of the fea4 Phenotype
Our RNA-seq analyses revealed a number of key developmental regulators misexpressed in fea4 mutants, including several homeobox-containing TFs and genes implicated in auxin response pathways. Furthermore, genome-wide analysis of FEA4 occupancy using ChIP-seq indicated overrepresentation of functional processes, including auxin response and leaf and vascular differentiation among target genes of FEA4. Many of these target genes implicated in leaf initiation and differentiation appear to be co-opted constituents of gene modules that also function in lateral organ differentiation in inflorescences (Eveland et al., 2014) . Based on expression profiles from fea4 mutants, genes in these categories were largely activated by FEA4, suggesting that FEA4 functions in promoting this lateral organ differentiation program in both vegetative and reproductive development. Therefore, FEA4 may act as a counterweight to the meristem promoting factors WUS and KN1, by accelerating the differentiation of cells in the PZ. It may accomplish this by activating genes that control differentiation and possibly antagonizing repression of WUS target genes such as KANADI, ASYMMETRIC LEAVES2, and YABBY3, as described in Arabidopsis (Yadav et al., 2013) . Similar to the recently described basic helix-loop-helix factor HECATE in Arabidopsis, FEA4 provides another example of a TF adding a layer of complexity to meristem regulation by integrating CLV-WUS and hormone signaling (Schuster et al., 2014) . However, we note that FEA4 does not appear to directly target any of the core CLV-WUS machinery and that CLV-and WUS-related genes did not show statistically significant changes in expression in fea4 mutant inflorescences (Supplemental Table 6 ). In Arabidopsis floral meristems, PAN promotes WUS repression indirectly, by activating the floral homeotic gene, AGAMOUS (AG), which PAN binds in the regulatory second intron (Das et al., 2009) . Interestingly, FEA4 bound a maize ortholog of AG, Zea AGAMOUS1 (ZAG1) (Schmidt et al., 1993) , but the binding appeared to be in the third intron (Supplemental Data Sets 5 and 6). This differential binding of PAN and FEA4 to AG and ZAG1, respectively, could reveal a different evolution of regulatory mechanisms between Arabidopsis and maize, and it would be interesting to test whether the PAN-AG-WUS module functions in maize. ZAG1 was not identified as differentially expressed in our RNA-seq analysis of fea4 mutants, and there are several possible explanations for this. For example, as demonstrated for KN1, redundant binding of multiple bZIP TFs could mask the modulation of target genes (Bolduc et al., 2014) . Alternatively, modulation of a target may require a cofactor that is present in a restricted spatiotemporal pattern, or binding may regulate a different gene at long range (Farnham, 2009) .
We also found that FEA4 positively modulates, either directly or indirectly, key genes controlling axillary meristem identity and determinacy in maize (Table 2 ). Positive regulation of these genes is consistent with a role for FEA4 in promoting differentiation in lateral organs. For example, FEA4 binds and activates RA1, which encodes a C2H2 TF that imposes determinacy on axillary branches in maize inflorescences, and ra1 loss-of-function mutants display increased branching in tassels and aberrant branching in ears . RNA-seq analyses in ra1 mutants showed that FEA4 expression was also significantly downregulated during ear primordium development, suggesting that FEA4 and RA1 promote and reinforce expression of each other by way of a feedforward mechanism (Eveland et al., 2014) .
FEA4 and PAN as Transcription Factors
Many developmentally relevant transcription factors were downregulated in fea4 inflorescences, relative to the wild type, suggesting that FEA4 could be an important activator of these genes. In support of this, PAN was shown in a yeast transactivation assay to activate transcription of a reporter gene, but only in the presence of coactivators, such as GARP-domain proteins (Maier et al., 2009) . Furthermore, PAN has also been shown to physically interact with the BTB-POZ domain transcriptional coactivators BLADE ON PETIOLE1 (BOP1) and BOP2 (Hepworth et al., 2005) . ChIP experiments indicate that BOP1/BOP2 colocalize with TGA-class bZIP binding sites in the genome (Xu et al., 2010) . FEA4 has two glutamine-rich domains that are traditionally associated with transcriptional activators (Xiao and Jeang, 1998) . These same domains may be necessary for the posttranslational redox regulation of PAN by the glutaredoxin proteins ROXY1 and ROXY2, but this hypothesis remains to be tested (Li et al., 2009 ). Interestingly, a maize ROXY-related mutant also affects meristem size (Yang et al., 2015) , suggesting this regulation might be relevant in the context of meristem size regulation.
Meristem Size, Kernel Row Number, and Crop Yield
This study suggests a mechanism by which meristem size could be regulated, through FEA4's function acting in parallel to the CLV-WUS pathway. As such, FEA4 provides another potential target for manipulation of inflorescence meristem size and kernel row number, as has been recently demonstrated for fea2. Hypomorphic fea2 alleles do not produce obviously fasciated ears, but significantly increase kernel row number around the diameter of the ear and kernels per ear (Bommert et al., 2013a) . It would be useful to further study if natural variation in FEA4 expression or activity could contribute to variation in meristem size, in order to deepen understanding of meristem biology and to facilitate crop improvement.
METHODS
Plant Stocks and Growth Conditions
fea4-ref was isolated from an M2 screen of EMS-mutagenized A619 inbred maize (Zea mays) and was deposited in the Maize Genetics Co-Op Stock Center as fea179. The mutation was introgressed four to five times into various inbred lines for phenotypic analysis in segregating families. fea4-rel*09-5171 and fea4-rel*07-167 were found in a screen for enhancers of ra2 in the A619 inbred background. Trait Utility System in Corn alleles were identified from a PCR-based screen of Mutator element-mutagenized populations, using FEA4 and Mu-specific primer sets. Plants were grown in field locations in Cold Spring Harbor, NY; Berkeley, CA, Davis, CA; Valle de Banderas, Mexico; or under standard greenhouse conditions.
Scanning Electron Microscopy Analysis
Fresh tissues were dissected, mounted on stubs with silver conductive paint, and the stubs were kept on ice before imaging on a Hitachi S-3500N variable pressure scanning electron microscope.
Mapping and Molecular Cloning
fea4-ref (A619) was crossed to the B73 and W23 inbred lines, and the F1 plants were self-pollinated to produce F2 mapping populations. F2 individuals with the mutant phenotype were selected and subjected to bulked segregant analysis and further genotyping with CAPS markers. CAPS markers based on single nucleotide polymorphisms in the introns of GRMZM2G166366 and GRMZM2G042889 were used to screen recombinants and establish an interval of 2.7 Mb. The fea4 coding sequence was amplified in 1-kb fragments from genomic DNA extracted from a pool of F2 mutants and sequenced by Sanger sequencing.
Phylogenetic Analysis
A phylogenetic tree was constructed with the PHYML program (http://www. atgc-montpellier.fr/phyml/) (Guindon et al., 2005 ) using a CLUSTAL alignment of the top 100 BLAST hits with FEA4 protein sequence as input. Branch support was determined by the aLRT SH-like fast likelihood-based method.
In Situ Hybridization
The coding sequence of FEA4 was amplified from cDNA using primers MP815 and MP816 (Supplemental Table 5 ) and TOPO cloned into pCR2.1 (Invitrogen). Digoxigenin-labeled riboprobes in the sense and antisense orientation were synthesized by in vitro transcription from the T7 promoter. Hybridization was performed according to Jackson (1991) , with the addition of 8% polyvinyl alcohol to the detection buffer to minimize diffusion of reaction products. Slides were exposed for ;12 to 15 h before mounting and imaging. The short FEA4 probe specific to the 59 region of the gene was synthesized as above from a cloned fragment amplified with primers MP833 and MP834 (Supplemental Table 5 ). KN1 in situ hybridizations were performed using a mix of three probes, according to Jackson et al., (1994) .
Fluorescent Protein Fusions and Confocal Microscopy
A translational fusion of the coding sequence of FEA4 and YFP driven by the FEA4 native promoter was created with the Multisite Gateway Pro kit (Invitrogen). Approximately 1 kb of upstream promoter sequence, the entire coding region plus introns, and 1.5 kb of downstream genomic sequence were included. Primers used are listed in Supplemental Table 5 . The fragments were cloned into a Gateway-compatible version of PTF101 (pAM1006-RL), and this binary vector was transformed into the maize HiII line at the Iowa State Plant Transformation Facility (Ames, IA) (Mohanty et al., 2009) . Plant apices and inflorescences were dissected, mounted on glass slides in water, and imaged on a Zeiss 710 confocal microscope.
Double Mutant Analysis
fea4-ref mutants introgressed four times into B73 were crossed to fea2-0 in B73, and F1 plants were self-pollinated to create F2 mapping populations segregating both single and double mutants. Seedlings were genotyped for fea2 using gene-specific (fea2-D and fea2-ASA) and Mu-element specific (Mu58) primers (Supplemental Table 5 ). fea4 genotype was determined using primers MP900 and MP901, followed by Cac8I digestion (Supplemental Table  5 ). Shoot apices were dissected from seedlings after 14 d of growth. Meristems, with surrounding leaves still attached, were fixed in FAA (10% formalin, 5% acetic acid, and 45% ethanol), dehydrated in an ethanol series, and cleared with methyl salicylate (Jackson and Hake, 1999) . Apices were mounted on glass slides and imaged on a light microscope with attached camera. Meristem width was measured just above the bulge of the P1 leaf primordium, using ImageJ. For mature plant analysis, F2 families were grown in the field in Newark, DE, or Valle de Banderas, Mexico.
RNA-seq Library Preparation and Analysis
Triplicate pools of more than 10 1-mm ears were harvested from homozygous fea4 mutants and heterozygous wild-type sibling plants. Freshly dissected ear tissue was fixed in ice-cold acetone, followed by vacuum infiltration for 20 min, and three acetone changes of 1 h each (Park et al., 2012) . Total RNA was extracted from pools of ear tissue using the PicoPure RNA Isolation kit (Life Technologies), according to manufacturer instructions. mRNA was enriched by two successive purifications with oligo (dT)-coupled Dynabeads (Invitrogen). Approximately 50 ng of mRNA was used as input for the ScriptSeq v2 RNaseq system (Epicentre). This kit allowed the addition of barcoded adapters to enable multiplexed sequencing in a single lane of an Illumina HiSeq2000. Prior to sequencing, the average size distribution of the libraries was verified on a high sensitivity Bioanalyzer chip. The libraries were diluted to 10 nM, and concentration was verified by quantitative PCR using standards (KAPA Biosystems).
The Tuxedo suite (Trapnell et al., 2010) was used for mapping and analysis of the RNA-seq data. We used Tophat (version 2.0.9) to align the 101-bp paired-end reads to the maize reference genome (AGPv2) based on a set of 110,028 predicted maize gene models (Working Gene Set v5b.60; maizesequence.org). We then quantified read counts per gene and normalized fragments per kilobase exon per million reads mapped values using Cufflinks (version 2.0.2) and a high-confidence subset of 39,656 maize gene models, the FGS (v5b.60; www.maizesequence.org/). Biological replicates showed strong correlations (r > 0.96) in gene expression. Differential expression analysis was performed using the R package DESeq (v.1.14.0; Anders and Huber, 2010 ). An adjusted P value of < 0.05 was used to call differentially expressed genes after multiple testing correction.
Functional annotations for maize gene IDs were obtained via xref in Ensembl, incorporating Refseq, Entrez, and InterPro entries, accessible through GrameneMart v.36 (www.gramene.org; Spooner et al., 2012) . Closest putative orthologs of maize genes in Arabidopsis thaliana were identified through EnsemblCompara (Vilella et al., 2009) , and functional descriptions for Arabidopsis orthologs were based on TAIR10. Gene Ontology (GO) enrichment analyses were performed using the R package GOStats (Falcon and Gentleman, 2007) . GO classifications for maize FGS gene IDs were obtained via GrameneMart v.36 and v.36b. Overrepresentation of GO biological processes was determined based on a hypergeometric test and a corrected P value of < 0.05.
ChIP-seq and Analysis
Developing ear primordia, ;2 to 5 mm in size, were harvested from YFP:FEA4 plants grown under greenhouse conditions. These experiments used families containing a transgene integration event that complemented the mutant (A399S1-7), and expression of the transgene was verified by fluorescence microscopy. Following dissection, inflorescences were immediately crosslinked in buffer containing 1% formaldehyde for 15 min under vacuum, followed by addition of glycine to a concentration of 0.1 M, which was infiltrated for 5 min. Following three washes with distilled water, the cross-linked tissues were dried with paper towels and flash frozen in liquid nitrogen.
Chromatin extracts from YFP:FEA4 plants were immunoprecipitated with anti-green fluorescent protein (ab290; Abcam) antibody. Protein A Dynabeads (Invitrogen) blocked with yeast tRNA and BSA were used to capture antibodychromatin complexes . Following purification of immunoprecipitated DNA, libraries were constructed using the Ovation Low Input DR kit (Nugen) and barcoded to allow multiplexed sequencing. Two input and two IP libraries were sequenced on one run of an Illumina MiSeq machine.
ChIP-seq reads were aligned to the maize reference genome (AGPv2) using Bowtie (v.0.12.7; Langmead et al., 2009) , and peak calling was performed with MACS version 1.4.0rc2 using only uniquely mapped reads (Zhang et al., 2008) . Peaks were identified as significantly enriched (P < 1e-05) in each of the ChIPseq libraries compared with input DNA. Peaks were determined as high confidence if significant peaks from individual biological replicates were overlapping (i.e., their summits were positioned within 300 bp of each other). Coordinates for KN1 peaks were extracted from the published data set (Bolduc et al., 2012; GEO [GSE39161] ). FGS gene models within 10 kb of highconfidence peak summits were considered putative targets of FEA4.
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